Introduction
Substantial interest in continuous silicon carbide fibers has developed because of their potential reinforcement of ceramic matrix composites (CMC) for high temperature structural components. Currently, small diameter SiC fibers derived by polymer pyrolysis possess high stiffness, high room temperature strength, and high thermal stability. The Dow Coming fiber (nearly stoichiometric beta-SiC) and the Hi-Nicalon fiber (beta-SiC with excess carbon and trace oxygen) are leading candidates for high temperature CMC because they have been observed to display creep and rupture behavior superior to that of the high-oxygen containing Nicalon SiC fiber [ 1, 2] . These results were obtained using as-produced single fibers removed from multifilament tow [3, 4] . Before being used in CMC, the multifilament tows will typically be coated to provide a compliant interface and to protect the SiC fiber against matrix reaction during composite fabrication and against oxidation during application. Currently a leading interfacial coating candidate is BN over-coated with Si3N 4 or SiC.
Although the structural performance of CMC can be analyzed using single fiber data and various analytical theories, data obtained on multi filament tow should be more statistically accurate since the tow represents the average behavior of many fibers (500 to 800). Therefore, the objectives of this study were (1) to measure the time/temperature-dependent deformation and fracture behavior of uncoated and coated SiC fiber multifilament tows, and (2) to compare the multifilament behavior with single fiber data measured under the same conditions in order to evaluate the adequacy of limited single fiber data to model the behavior of multifilament fibers in a tow.
Experimental Procedure
Four types of SiC multifilament tows were studied: as-produced Dow Coming and Hi-Nicalon fibers from Dow Coming and Nippon Carbon, respectively; and BN/Si3N 4 coated Dow Coming and Hi-Nicalon fibers. The BN interfacial coating and the Si3N 4 overcoating were produced by CVD by the 3M company with an average thickness for each layer of about 0.5 [am. The average diameters were 10 and 14 ]am for the single Dow Coming and Hi-Nicalon fibers, respectively. The number of fibers in each tow were counted to be N~800 and N~500 for the Dow Coming and Hi-Nicalon tows, respectively. The average cross-sectional areas for the Dow Coming and Hi-Nicalon multifilament tows were assumed to be N times the average single fiber area based on the average diameter for each type.
Foreachtow specimen, thefibertowwasaligned onpaper tabsseparated by a 125or 225mmgriptogrip length. Thetowwasbonded toitstabsbyepoxyresinwhichwassqueezed under another paper tab,andthen curedin a preheated ovenat90°C for 12hours. Thefugitivesizingonas-produced towsandtheBN/Si3N 4 coatings aidedin avoiding slackin theindividual fibers. Fig.1shows atypical cross section ofpaper-tabbed griparea, indicating thateveryfiberwasembedded evenlyintheepoxyresinwithnosignificant fiber-fiber contact.
TheSiCfibertowsweretensiletested tofracture fromroomtemperature to 1400°Cin airusingaconstant displacement rateof 1.27mm/min. Warm-up rupture testing usingdeadweight loading andconstant heating ratewasalsousedto1400°Cinairandvacuum. Deadweight loading wasemployed forcreep-rupture testing at 1200and1400°C in argonfor 0.1to~100hours. Thegrip to griplengths andhot zonelengthswere respectively -125and25mmfor theairtests, and~225and100mmfortheargonandvacuum tests. The creep andrupturetestfacilitiesfor thefibertowswerethesame asused previously for singlefibers [3, 4] . 
Resul_ TENSILE STRENGTH:
The fast fracture strengths measured at temperature in air are shown in Fig. 2 for the 4 different types of SiC tows. Each data point is the average of at least 3 specimens. The strengths were calculated by dividing the fracture load by the total area of the bundle, assuming that the coating or sizing did not carry any load. The room temperature strengths for coated and uncoated Dow Coming tows at 125 mm grip-to-grip length were nearly identical, -750 MPa; but the room temperature strength of the uncoated Hi-Nicalon fiber tow was much higher than that of the coated Hi-Nicalon tows. The large difference in strength is not fully understood, but may be due to a possible strength drop during CVD coating.
Thelargestrength dropbeginning near~400C for theHi-Nicalontowssuggests thattheindividual HiNicalonfiberswereaffected by oxygen in theair environment. Onepossible mechanism is SiO2formation onthefibersurface, causing partial fiber-fiber bonding andearlytowfailurewhen thefirstfiberfails.Another possible strength degradation mechanism isoxygen attack ofthefreecarbon inthestressed Hi-Nicalon fibers. This mechanism is supported by the absence of significant temperature-dependent strengthlossin the stoichiometric DowComingfiber.
In confirmation of the oxygenattackissue, Fig. 3 showswarm-up rupturestrengths of Hi-Nicalon tows measured in air and vacuum at a warm-up rate 10°C/min. At a same stress, like 1200 MPa, the uncoated Hi-Nicalon tow ruptured in air at -600°C; whereas in vacuum ruptured at~1200°C. Furthermore, the strength of the coated Hi-Nicalon tow remained the same up to 1200°C in vacuum, indicating that in the intermediate temperature range the fast fracture strengths of coated Hi-Nicalon fiber tow were also airsensitive. CREEP BEHAVIOR:
Typical creep curves for the SiC fiber tows are shown in Fig. 4 as measured in argon at 1400°C and 300 MPa. Also shown is a creep curve for an as-produced single Hi-Nicalon fiber. Most curves displayed a large transient creep stage. As with single fibers (3,4), the transient creep behavior was more severe for the Hi-Nicalon tows than the Dow Coming tows. In Fig. 4 , the creep failure strain of the Hi-Nicalon tow was over 1%, while that of the Dow Coming tow was less than 1%. In general, the tow creep results were similar to average single fiber behavior, but the coated fibers displayed lower creep stain than the uncoated as-produced fibers. At low creep strain the tows generally crept slightly more than single fibers; while at higher creep strains, the single fibers crept slightly more than the tows, but typically ruptured much earlier than the tows. and single fibers tested in argon. The time dependency of the rupture strengths for the fiber tows was much weaker at 1200 and 1400°C than that of the single fibers. At 1200°C, the fiber tows displayed lower shorttime rupture strengths than the single fibers. Long-time rupture strengths of the fiber tows at 1200°C were observed to be nearer those of the single fibers. This trend was more evident at 1400°C, where the rupture strengths of the fiber tows were higher than the single fibers for both short-time and long-time conditions. The time dependency of the rupture strengths for the single fibers increased with increasing temperature; whereas that of the fiber tows appeared not to decrease with increase in temperature from 1200 to 1400°C.
Plots of applied stress versus rupture time of the BN/Si3N 4-coated fiber tows are shown in Fig. 6 . The coated Dow Coming and Hi-Nicalon tows were observed to have rupture strengths similar to those of the uncoated fiber tows.
STRESS, MPa
1,000 The fast fracture strengths for the Dow Coming and Hi-Nicalon fiber multifilament tows were observed to be lower than those for the average single fibers. This behavior is anticipated based on Weibull bundle theory [5,6]. To apply this theory, it is assumed that fiber fracture can be described by 2-parameter Weibull theory and that all individual fibers were equally loaded. Although not addressed here, the issue of unequal stresses during tow testing could be caused by (1) initial slack in individual fibers during tow specimen preparation and/or (2) variable elastic and creep compliances in individual fibers. These factors may result in high stress loading of less than the initial number of filaments and tow fracture loads less than equally loaded fibers.
Under the same gauge length conditions for single and tow fibers, the ratio R of tow fiber strength to average single fiber strength is given by Weibull theory as,
where m is Weibull modulus, e is the base of natural logarithm, and F is Gamma function [5] . Using the warm-up data in vacuum (Fig. 3) for the Hi-Nicalon fiber (100 mm hot zone) and the fast-fracture data in air (Fig. 2) 
